Ultrafiltration asymmetric porous membranes were imaged by two microscopy methods, which allow 3D reconstruction: Focused Ion Beam and Serial Block Face Scanning Electron Microscopy. A new algorithm was proposed to evaluate porosity and average pore size in different layers orthogonal and parallel to the membrane surface. The 3D-reconstruction enabled additionally the visualization of pore interconnectivity in different parts of the membrane. The method was demonstrated for a block copolymer porous membrane and can be extended to other membranes with application in ultrafiltration, supports for forward osmosis, etc, offering a complete view of the transport paths in the membrane.
Introduction
Synthetic membranes are integrated in a variety of processes, which go from hemodialysis to water desalination, beverages and dairy product manufacture, gas separation in petrochemical and pharmaceutical industry. They have different requirements of stability, flux and selectivity. Integral asymmetric or multilayer asymmetric porous membranes are used in almost all membrane-based process [1] [2] [3] [4] . While the top layer determines the membrane selectivity and the separation capability, the porous sub-layer provides the needed mechanical stability and should not negatively interfere with the transport. Porosity control is relevant for many other reasons. The main drawback of forward osmosis is concentration polarization, which is highly affected by tortuosity and porosity of the substrate layer 3, [5] [6] [7] .
Porosity influences how fast water transfer through membrane and condensation takes place 8 . The porosity of porous electrodes and gas diffusion layers in membrane-electrodeassemblies for fuel cell contributes to the efficiency of the reactive conversion 9, 10 .
The preparation of asymmetric porous membranes based on block copolymer selfassembly combined to phase inversion, block sacrifice by selective etching or reactive phase separation [11] [12] [13] [14] [15] [16] , leads to the formation of a selective top layer with isoporous structure on the top of the membrane and a sub-layer with gradient porosity. Morphology control in solution and in the final asymmetric membrane is decisive for the final membrane application in ultrafiltration.
Well-known methods for pore size characterization are extensively used for membranes 17 . Examples are scanning electron microscopy (SEM), atomic force microscopy (AFM), bubble pressure and gas transport, mercury porosimetry, permporometry, BET adsorption and thermoporometry. BET gives us quantified information of total surface area or the overall porosity, accessible to the probing gas. SEM and AFM are restricted in most cases to image the membrane surface morphology. 2D imaging of membrane cross-sections is possible by SEM. Porosimetry gives information on average pore size and distribution.
However in none of these methods it is possible to have a detailed characterization of porosity in all different layers of the membrane.
As far as morphological characterization is concerned, advanced microscopy and scattering methods have been very useful for membrane characterization [11] [12] [13] , including field emission electron microscopy (FESEM) and transmission electron microscopy (TEM) tomography, associated to synchrotron scattering methods. Cryo-TEM and cryo-SEM helped in investigating copolymer assembly in solution 13, [17] [18] [19] , before the membrane manufacture.
We used for the first time cryo-SEM and environmental SEM (ESEM) to image the effect of pH on stimuli-responsive porous membranes 12 . Mottern et al. 20 used focus ion beam (FIB)
to prepare ceramic membrane samples as single slices for 2D TEM imaging. Kyotani et al. 21 reported a similar method combined to grazing incidence X-ray diffraction analysis of tubular zeolites.
More recently new methods of tomography or 3D microscopy image reconstruction have become available with potential use in membrane technology, offering then the perspective of having a complete overview of porosity in the whole volume. TEM tomography provides the best resolution (<1 nm) and is therefore the best choice if fine structures need to be observed. We have used TEM tomography before to image block copolymer membranes 22 , which offered precise and detailed information on the membrane selective layer. TEM tomography was recently used by Pacheco et al. 23 to visualize the structure of the top selective layer of thin film composite membranes. Maijoinen et al. 24 and
Kaushik et al. 25 used 3D cryo-TEM tomography for investigating cellulose nanocrystals close to native conditions. The disadvantage of TEM tomography is the small sampling volume (ca. 2-5 micrometer in the three dimensions), which does not give an overview of the whole membrane structure. Slices thinner of 100 nm, obtained by ultramicrotomy or focused ion beam are normally required. Additionally to the morphology normally revealed by TEM using elastic electrons, more information relative to contrast promoted by differences in crystallinity or composition can be obtained in combination with spectroscopy techniques.
Examples useful technologies for this purpose are dark-field TEM, electron energy loss spectroscopy (EELS) and energy dispersive spectroscopy (EDS). In opposite to TEM tomography or AFM, X-ray computed tomography 29 or synchrotron radiation computed microtomography 30, 31 image relatively large volumes, being considered a multi-length scale methodology, which can be non-destructive and used for in situ experiments to follow process evolution (4D investigation). 3D reconstruction of polymeric membranes by X-ray tomography is being used for 3D reconstruction of polymeric 30 and inorganic 32 membranes. The image resolution is commonly in the micrometer range. This technology is constantly improving with the implementation of better X-ray optics in synchrotron facilities, allowing the resolution to go far bellow 1 micrometer. As far as membrane is concerned the methodology has been successful for microfiltration and solid oxide fuel cell. While the absorption contrast of X-ray tomography is more suitable for imaging ceramic and metallic structures, phase contrast X-ray imaging is becoming widespread and more successfully for low atomic number materials. A recent example is the characterization of graphite electrodes in Li-ion batteries. 33 Confocal microscopy gives information on porosity in different layer depths for a porous structure. Snyder et al. 34 reported a quantitative analysis of zeolite membranes imaged by laser scanning confocal microscopy. Confocal microscopy is a method of much more widespread and of better access to most laboratories than X-ray tomography. But the resolution of confocal is also not high, with restrictions known for optical microscopy and requires fluorescent samples. The resolution is not enough for membranes with pore size in the range of nano-or ultrafiltration. 3D reconstruction associated to the electron microscopy resolution would be more suitable.
Focused ion beam (FIB/SEM) and serial block face SEM (SBF/SEM) fill the gap between TEM and X-ray tomography (or confocal microscopy) in terms of resolution and imaged volume. FIB removes thin slices of a sample by incidence of ion beam, consecutively exposing a fresh cross section, which is imaged by the electron beam of a SEM. FIB has been much more applied to inorganic porous materials. Holzer et al. 35, 36 applied focused ion beam (FIB/SEM) for 3D reconstruction of porous ceramics. FIB application to polymeric membranes has been much less explored, since additional care and control of experimental parameters are required to avoid sample damage for instance when exposed to Gallium ions and charging. We were the first to report the used of FIB coupled to FESEM for a qualitative 3D-reconstruction of polymeric porous membranes 11 . The 3D visualization and semiautomated segmentation were carried out using software tools implemented in the program Amira (TGS, San Diego, CA). Zils et al. 37 applied FIB nanotomography in a similar way for characterization of polymer electrolyte fuel cell. The alignment of the image stacks in this case was done with the software ImageJ and StackReg Plugin and further analysis by using Otsu algorithm.
Reingruber et al. 38 recently published the quantitative analysis of a 3D-reconstruction of microfiltration membranes using SBF/SEM. The method consists of serial sectioning provided by an ultramicrotome in the specimen chamber of an ESEM, which is a variable pressure FESEM. The ESEM resolution is normally lower than that of a high vacuum FESEM, but the method was appropriate for microfiltration membranes.
In addition to Figure 1 , Table 1 summarize characteristics of different 3D imaging methods, which could be applied for membranes. Since most membranes have a gradient porosity, it would be very useful to have a quantitative analysis of pore size distribution layer by layer for a porous membrane, obtaining a complete 3D mapping of the structure. This can be hardly done experimentally.
Confocal microscopy reveals the pore structure in different depths, but as mentioned above the resolution is not enough for most ultra-and nanofiltration membranes.
In this work we explore and compare two electron microscopy methods for 3D imaging, FIB/SEM and SBF/SEM, for the characterization of block copolymer membranes with pore size of 20-50 nm, a range, which requires higher resolution than for microfiltration and can not be achieved by X-ray computed tomography. We propose a new segmentation method for quantitative analysis of porosity of membranes slice sets applied to the two methods.
Information on porosity can be obtained in different layers or depths. We demonstrate the feasibility, by applying the methods to membranes prepared by block copolymer selfassembly and non-solvent induced phase separation. The membranes are asymmetric with a top layer containing pores in the range of 20-50 nm. As the depth increases, the pore size increases and the pores become less regular. The same method can be extended in principle to any other polymeric porous membrane.
Experimental Materials
Polystyrene-b-poly(4-vinylpyridine) block copolymer (PS-b-P4VP 175000-b-65000)) (P9828-S4VP was purchased from Polymer Source, Inc., Canada. 1,4-Dioxane, dimethylformamide (DMF), gold (III) chloride and sodium citrate were supplied by SigmaAldrich. Tetrahydrofuran was supplied by Fischer Scientific. Methyl iodide used for staining was supplied by Acros-organics.
Membrane preparation
The membranes analyzed in this work were prepared by block copolymer selfassembly and non-solvent induced phase separation, a method, which has been explored by our group in the last few years. The membranes characterized by FIB/SEM and by SBF/SEM were prepared by slightly different procedures:
The membrane imaged by FIB/SEM was prepared by casting a PS-b-P4VP solution in a mixture of dimethyl formamide and tetrahydrofuran with copper acetate, as previously reported in Ref. 11 .
Procedure 2:
The membrane analyzed by SBF/SEM was prepared by casting a PS-b-P4VP solution in a 1:1:1 (wt%) mixture of DMF, THF and dioxane, followed by immersion in water, analogous to the description reported in Ref. 19 . The prepared PS-b-P4VP membrane was then used to filter a 1 wt% gold (III) chloride solution. Gold ions complex with pyridine blocks 40 . The complexed gold was then reduced to gold nanoparticles by treating the membrane with a 0.05 M sodium citrate solution.
Imaging
Two methods were used for imaging: (1) FIB/SEM and (2) SBF/SEM.
Focused Ion Beam / Field Emission Scanning Electron Microscopy (FIB/SEM)
Membranes prepared by procedure 1 were sectioned, by using focused ion beam. To minimize the polymer sample damage by the ion beam, the beam currents were lower than usually applied for semiconductors analysis, and a protective Pt layer was deposited, prior to milling the surface at the region of interest. The layer was deposited using ion beam induced CVD, inside the FIB/SEM chamber. In order to effectively dissipate surface charge from the surface, the membrane surface was also sputter-coated with Au prior to imaging/milling.
The series of 150 slices (each with 50 nm thickness) was obtained by using a FEI Helios 400S small dual beam system and Slice & View software.
Serial Block Face Scanning Electron Microscopy (SBF/SEM)
The morphology of membranes prepared by procedure 2 was analyzed by serial block-face scanning electron microcopy (SBF/SEM), performed with a GATAN 3View sectioning system. SBF/SEM combines environmental scanning electron microscopy and an automated ultramicrotome placed inside the microscope chamber. Backscattered electrons detector is normally used for imaging. To increase the conductivity and coefficient of backscattered electron signals, the membrane was stained with vapors of methyl iodide for 4 h before embedding it in resin blocks. The resin block with embedded membrane was cut off with jewelry saw and glued with epoxy resin to aluminum rivet in such a way that a profile of the membrane cross section would be observed once the block face is trimmed with razor blade and ultra-microtome. To minimize charging, the lateral sides of the block face were The membrane can be considered as consisting of several regions whose image intensity is described by smooth function plus additive noise. The goal of the segmentation algorithm is to determine the regions, in which the image intensities are smooth functions. Since both the functions and regions are initially unknown, the algorithm below estimates both simultaneously. The problem described is a classical problem in computer vision, which is normally referred as Mumford-Shah Model [41] [42] [43] [44] . Several numerical optimization methods have been proposed to solve this problem 45, 46 , but the algorithms tend to be computationally expensive, prone to local optima, and extremely sensitive to initialization. Therefore, we employ a recent technique 42 , which is computationally efficient (compared to 45, 46 ), less susceptible to local minima, insensitive to initialization, and therefore, may be employed in a fully automated scheme.
Results and Discussion
The first method explored in this work was FIB/SEM. FIB has been recognized as a successful method for morphology investigation of different kinds of materials, but has been particularly well applied for nanofabrication in the semi conductor industry 47 or preparation of ceramic samples for transmission microscopy 48 , which could not be easily cut by ultramicrotomy. More recently FIB/SEM has been increasingly used for the characterization of biological samples 49 . The use of FIB for polymeric membranes has been much more restrict and a reason for that is the potential damage of the sample by exposure to the beam, if the conditions are not properly controlled. Boussu et al. 50 were one of the first to report the use of FIB for polymeric membrane characterization. However they used it only to expose cross-sections of different polymeric membranes for SEM investigation in an alternative way to the classical sample fracture. Our group was probably the pioneer in using FIB sectioning for 3D reconstruction of polymeric porous membranes, as reported 6 years ago 11 . Low beam currents and a protective Pt layer were applied to minimize damages. Our previous report used FIB for qualitative visualization purpose. Here we propose a method to quantify porosity in different membrane layers, demonstrating it for asymmetric porous membranes.
Typical membrane slices 2D images obtained by FIB/SEM are shown in Figure 2 . 500 nm Figure 2 . FIB/SEM Membrane slices images to be segmented. Figure 3 shows the 3D reconstruction of the membrane from slices obtained by FIB/SEM, similar to those depicted in Figure 2 . Figure 3b represents the first step of segmentation. Each color represents pore regions with interconnectivity.
As a result of the segmentation it is possible also to distinguish the pore regions, which are highly interconnected. This is visualized in Figure 5 , with different colors representing regions with preferential inter-pore connectivity. The second imaging method used in this work was SBF/SEM. We used for that a GATAN 3View system. A typical slice image can be seen in Figure 6 . The sample for FIB/SEM was not embedded in resin and the contrast for each slice was topographic, using secondary electrons, analogously to the images obtained by regular FESEM. For SBF/SEM the sample was embedded in resin and sliced by ultramicroty inside the microscope chamber.
Since the imaged surface is smooth, the contrast is provided by differences in local composition. The image is formed by backscattered electrons. The contrast given by atoms constituting each blocks of a plain membrane and the resin is not enough for a satisfactory image. SBF/SEM is convenient to image structures already with heavy elements such as samples decorated with inorganic nanoparticles. If the image of plain polymeric membranes is the target, additional staining is necessary. For biological or synthetic polymers, staining with osmium tetroxide is a common procedure. The block copolymer we used contains styrene and pyridine blocks. Pyridine can be selectively stained by CH3I. Pyridine complexes with gold ions, which provide even stronger contrast. The membrane is preformed and then stained by exposure to the vapor phase (CH3I) or by filtration of an aqueous gold solution, followed by reduction to elementary gold. Under these conditions the membrane morphology is not expected to change, but the it must be clear that the dark regions in Figure 6 corresponds to regions occupied mainly by pyridine blocks. For the membranes investigated here by SBF/SEM, gold was not only added for pure staining purposes, but have been also previously explored for catalytic purpose. 40 As for the FIB/SEM slices, segmentation and 3D reconstruction were conducted for SBF/SEM images and the porosity was quantitatively analyzed and presented in Figure 7 . As in Figure 5 , different colors emphasize pore regions with high interconnectivity. The results obtained by applying segmentation, 3D reconstruction and the developed algorithm allowed the quantification of porosity in any layer parallel to the surface going from one side to the other of the membrane. Also information on the pore interconnectivity in adjacent areas is provided. This is very useful in the field of synthetic membranes. Most commercial membranes for ultra-nanofiltration and reverse osmosis as well as gas separation are asymmetric membranes with complex morphology. Morphological characterization is essential as tool for membrane development and to take decisions on best choices for each application and process optimization. For fully understanding or simulating transport in membranes the 3D reconstruction and analysis described in this paper can be much more useful than regular 2D images obtained by SEM or TEM, giving the complete view and quantitative information. Here we provide experimental 3D images and we anticipate that this information could be used in combination with transport simulation tools similar to those used in Ref. 39 and additional methods under development for a much better transport and structure optimization in the near future.
Conclusion
Two microscopy methods for 3D imaging visualization, FIB/SEM and SBF/SEM, were applied to porous block copolymer membranes. Both methods offered high resolution for adequate pore analysis and covered sample volumes higher than normally possible by transmission electron microscopy tomography. With help of a new algorithm, the set of images obtained by both methods could be analyzed to provide a complete mapping of porosity and average pore size in different membrane layers. The 3D-visualization combining information gained by the image segmentation showed the pore connectivity in different membrane regions. We demonstrate here how effective the method is for asymmetric block copolymer membranes. The same analysis using the proposed algorithm can be applied for any kind of membranes or porous materials. The imaging method to be chosen depends however on the mechanical properties, feasibility of slicing with diamond knife or ion beam, pore size, volume to be sampled and feasibility of staining. The method is particularly valuable for asymmetric membranes, which are used in many applications. It can help the development of new systems for forward osmosis and other applications for which not only the porosity of the top selective layer is relevant, but also that of the whole porous substrates.
Supporting information
The proposed algorithm used for segmentation and quantification of porosity in different layers is detailed in the supporting information.
